The role of LPS in the development of autoimmune gastritis (AIG) in BALB/c mice thymectomized on day 3 after birth (d3-Tx) was investigated in LPS-non-responder BALB/lps d mice. The symptoms were classified into three types: (i) hypertrophic stomach (HS) and lymphocyte infiltration (LI)double negative; (ii) HS-negative and LI-positive; and (iii) HS-and LI-double positive. The double positive type-3 was termed AIG. Following d3-Tx, LPS-responder BALB/c (Lps n ) mice showed the following incidence: type-1 (14%), type-2 (14%) and type-3 (72%). In contrast, the incidence in BALB/lps d mice was 67%, 22% and 11%, respectively. Thus the frequency of AIG development in BALB/lps d mice was much lower than in BALB/c mice. A single administration of LPS on day 2 post-d3-Tx induced severe AIG incidence in all d3-Tx BALB/c mice but not in d3-Tx BALB/lps d mice, suggesting that LPS influences the progression of AIG development. Formation of autoantibodies against the proton pump (H + /K + -ATPase) seemed to be related to AIG incidence in d3-Tx BALB/c mice. In d3-Tx BALB/lps d mice, however, higher levels of auto-antibodies were detected in the type-2 mice, whereas AIG incidence was much lower than that in d3-Tx BALB/c mice. Thus, formation of auto-antibodies against the proton pump in d3-Tx BALB/lps d mice does not appear to correlate with AIG pathogenesis.
INTRODUCTION
Previous studies have demonstrated that BALB/c mice provide a good experimental model of autoimmune gastritis (AIG) by thymectomy on day 3 after birth (d3-Tx). [1] [2] [3] Because the pathogenesis of AIG is conveyed by adoptive transfer of H + /K + -ATPase-specific CD4 + T cells but not by the transfer of CD8 + T cells 4 and circulating auto-antibodies 5,6 from d3-Tx BALB/c mice with AIG, development of AIG seems to be mediated mainly by CD4 + T cells. 2, 4, [7] [8] [9] [10] [11] [12] [13] [14] [15] In addition to the loss of the organ for educating 'self' due to d3-Tx, decreases in regulatory CD4 + CD25 + T cells in the periphery permit development of H + /K + -ATPase-specific CD4 + T cells. Consequently, adoptive transfer of naive CD4 + T cells containing CD4 + CD25 + T cells into d3-Tx BALB/c mice inhibit AIG development. 12, 16, 17 Other factors including genetic factors based on MHC, 1, 18, 19 active immunization with proton-pump antigen, 20, 21 microbial stimulation by Helicobacter pylori 22, 23 and Th1/Th2 imbalance [24] [25] [26] also affect AIG development. Claeys et al showed that repeated injections of native proton pump into non-Tx BALB/c mice resulted in development in AIG and induction of autoreactive CD4 + T cells. 21 Nishio et al reported that adoptive transfer of a T-cell clone (II-6), the H + /K + -ATPase-specific Th1-type derived from gastric lymph node of d3-Tx mice, induced AIG in athymic nude mice. 25, 26 Recently, Suri-Payer et al showed that not only TXA 23 (Th1type) but also TXA51 (Th2-type), H + /K + -ATPase-specific cell lines derived from the gastric lymph node of d3-Tx mice, possessed a potent activity to induce AIG in nu/nu recipient mice. 27 This suggests that H + /K + -ATPase-specific Th2 cells are implicated in the development of AIG. It remains a possibility that co-operation with functionally H + /K + -ATPase-specific B cells, capable of serving as antigen-presenting cells and producing auto-antibodies, induces severe tissue damage.
The auto-antibody against H + /K + -ATPase is frequently detected in sera of patients with atrophic gastritis caused by infection with H. pylori. 28 AIG seems to be implicated in atrophic gastritis caused by H. pylori infection. Infiltration of CD4 + T-cells (Th1) into the gastric mucosa was observed in gastritis caused by H. pylori infection. [29] [30] [31] Endotoxic LPS, the major component of the outer membrane of Gram-negative bacteria, triggers the production of various inflammatory cytokines. It is well known that infection with H. pylori causes chronic atrophic gastritis. Acute and chronic inflammatory responses also seem to be involved in the pathogenesis of gastric mucosal injury as a result of local responses to endotoxic LPS. These include the influx and activation of phagocytic neutrophils and macrophages, triggering of production of various inflammatory cytokines and production of superoxide anions and nitric oxide leading to tissue damage. [32] [33] [34] [35] [36] [37] Biological activities of LPS from H. pylori are much weaker than those of LPS from Escherichia coli or Salmonella. However, a recent study suggests that LPS from H. pylori plays an important role in the development of gastritis. 23 Takakuwa et al 38 and Kumazawa et al 39 reported that endotoxin-non-responder BALB/lps d mice share the genetic background of BALB/c except for their unresponsiveness to LPS. Because an influence of LPS on the development of AIG in d3-Tx BALB/c mice has not yet been clarified, BALB/lps d mice would appear to be a useful model to examine the role of LPS in the development of AIG. The present study attempts to clarify the difference in AIG development between BALB/c and BALB/lps d mice following thymectomy as well as the potential role of LPS in the progression of AIG development.
MATERIALS AND METHODS

Mice
Breeding pairs of BALB/c (Lps n ) mice from Japan SLC, Inc. (Shizuoka, Japan) and BALB/lps d (Lps d ) mice from the Max-Planck Institute for Immunobiology (Freiburg in Breisgau, Germany) were maintained in the animal facility of Kitasato University under specific pathogen-free conditions. BALB/lps d mice were produced by introducing the defective Lps gene of C3H/HeJ mice into BALB/c mice, as described previously. [13] [14] [15] Briefly, (C3H/HeJ x BALB/c) F 1 mice were back-crossed to a BALB/c background for 10 generations. This was followed by a sequence of at least 10 brother-sister matings. All experiments in this study were carried out under SPF conditions. The experiments described in this article were performed in adherence to National Institutes of Health guidelines on the use of experiment animals.
Neonatal thymectomy and administration of LPS
Mice were thymectomized by suction via a transcervical-retrosternal incision on day 3 after birth under anesthesia with diethyl ether. The incision sites were sealed with Aron alpha A (Sankyo Co., Tokyo, Japan) following surgery. Control mice underwent a sham operation that did not include thymectomy. Thymectomy was confirmed macroscopically at the time of autopsy.
An LPS preparation from Salmonella abortus equi, donated by Dr C. Galanos (Max-Planck Institute for Immunobiology), was dissolved in sterilized, distilled water (Ohtsuka Pharmaceutical Co., Tokushima, Japan) to produce a stock solution, diluted with saline before use and injected subcutaneously at a dose of 1.5 mg/kg on day 2 after thymectomy.
Macroscopic observation of AIG
Mice deeply anesthetized with diethyl ether were bled by cardiac puncture during the periods of 40-60 and 80-90 days after d3-Tx. The stomach was removed and opened along the greater curvature. The incidence of AIG was determined visually in the hypertrophic stomach according to the presence of plicate mucosa and gastric mucus.
Histochemical analysis
After macroscopic observation, the stomach was laid flat with the mucosal surface up, extended and pinned on a cork board. The stomach tissue was fixed with ethanol at -80°C, embedded in paraffin wax, sectioned, and stained with hematoxylin-eosin or Alcian Blue (pH 2.5)/periodic acid Schiff (AB-PAS). Based on observations of whether or not hypertrophic plicae gastricae with high secretion of gastric mucus was seen macroscopically and lymphocyte infiltration and mucosal metaplasia in the tissue were detected histologically, the severity was graded into three types: (i) type-1 -hypertrophic stomach (HS)-and lymphocyte infiltration (LI)-double negative; (ii) type-2 -HS-negative and LI-positive; and (iii) type-3 -HS-and LI-double positive. The double positive type-3 was termed AIG.
Serum auto-antibody to gastric H + /K + -ATPase
Serum auto-antibody titers against the gastric proton pump were measured by ELISA. 16 For this purpose, an H + /K + -ATPase preparation, purified from a vesicular membrane fraction of porcine gastric mucosa according to the method described by Hongo et al, 17 was used as the antigen. Briefly, a proton pump solution, diluted from the original preparation at 1:2,000, was coated onto ELISA plates (#25801-96, Corning Laboratory Science Co., Corning, NY, USA). After blocking the plates with 1% BSA (A-3803, Sigma Chemical Co., St Louis, MO, USA) in PBS, test sera were diluted at 1:4,000, distributed in triplicate into the wells of the plate and incubated for 60 min at 37°C. After washing, 1:10,000 diluted biotinylated anti-mouse Igs rabbit serum (DAKO Japan Co., Kyoto, Japan) was added to the wells and incubated for 60 min at 37°C. Resultant plates were treated with horse radish peroxidase (HRP)-labeled streptavidin (Vector Laboratories, Inc., Burlingame, CA, USA) for 60 min and then with 2,2′-azino-di-(3-ethyl-benzthiazoline sulfonate) (ABTS, Kirkegaad Perry Laboratories Inc., Gaithersburg, MD, USA). Antibody titers were determined at an absorbance of 405 nm (reference at 492 nm). Sera pooled from 20 normal mice served as a blank.
Flow cytometry
Spleen cells were suspended in Dulbecco's PBS supplemented with 2.5% fetal bovine serum (FBS, Atlanta Biologicals, Inc., Norcross, GA, USA)(PBS-FBS) by passing through a 200-mesh stainless steel sieve after gently squeezing the whole spleens. Following centrifugation at 1,200 rpm for 5 min, the cells were treated with 5 ml of 0.83% NH 4 Cl-Tris buffer (pH 7.6) to lyse the erythrocytes. After centrifugation, the cells were washed twice with PBS-FBS and resuspended in 5 ml of RPMI 1640 medium supplemented with 10% FBS, 50 mM 2mercaptoethanol, 5 mM HEPES, 100 U/ml penicillin and 100 µg/ml streptomycin. The viability was assessed by the Trypan blue dye exclusion test and cell preparations with viability of more than 90% were used. Aliquots (200 µl) of cell suspensions at a cell density of 1 x 10 6 /ml were pretreated with 50 µg/ml of anti-mouse FcγR mAb (2.4G2, PharMingen, San Diego, CA, USA) to block non-specific binding of mAb and incubated for 30 min at 4°C with the following combination of phycoerythrin (PE)-and fluorescein isothiocyanate (FITC)labeled mAbs (PharMingen) at the appropriate dilution: (i) FITC-anti-CD3(e)(145-2C11) and PE-anti-B220 (RA3-6B2); (ii) FITC-anti-CD8 (53-6.7) and PE-anti-CD4 (L3T4)(GK1.5); and (iii) FITC-anti-Vβ6 (RR4.7) and PE-anti-Thy1.2 (53-2.1). After washing, the cells were fixed with 200 µl of 1% paraformaldehyde in PBS. Stained small lymphocytes were gated and analyzed by a Coulter Epics Elite ESP flow cytometer.
Statistical analysis
Statistical significance of the data was determined by χ 2and Student's t-tests. A P value of less than 0.05 was taken as significant.
RESULTS
Changes in gastric mucosa after d3-Tx
It was estimated whether or not the stomach had hypertrophic plicae gastricae with high-level secretion of gastric mucus macroscopically and whether or not lymphocyte infiltration and mucosal metaplasia in the tissue were detected histologically. Macroscopical evaluation (LI-negative type-1 and LI-positive type-2 in HSnegative mice) is shown in Figure 1 . Figure 1A shows the macroscopic appearance of a HS-negative stomach. Figure 1B ,C illustrates the microscopic phenotypes of type-1 and type-2, respectively. In the fundic gland area of type-1 as well as normal stomach, surface mucosal cells which are stained red-purple as PAS-positive are observed in the pit, and parietal cells are found abundantly in the neck region (Fig. 1B) . The fundic gland area of type-2 stomach exhibits lymphocyte infiltration (arrow), partial disappearance of parietal and/or surface mucous cells (Fig. 1C ). All HS-positive stomachs were also AIG because lymphocyte infiltration could be observed. Figure 2A shows typical changes in a stomach which developed AIG. The type-3 mucosa characterized by a complete disappearance of parietal and surface mucous cells from the fundic gland and replacement of these cells with blue-stained acidic mucus (metaplasia; Fig. 2B ).
Comparison of AIG incidence between thymectomized BALB/c and BALB/lps d mice
The AIG incidence of macroscopic and microscopic changes differed between BALB/c and BALB/lps d mice after d3-Tx, based on the results of 3-6 separate experiments (Table 1) . Type-3 (AIG) was noted in 6 out of 15 BALB/c mice (40.0%, an average of 62.5% in male and 14.3% in female), but in only one out of 22 BALB/lps d mice (4.5%, an average of 9.1% in male and 0% in female) during the 40-60 day follow-up after d3-Tx. Male BALB/c mice tended to exhibit a significantly higher frequency (5 out of 8 mice) than female mice (1 out of 7 mice). During the 80-90 day period after d3-Tx, type-3 (AIG) was observed in 19 out of 37 BALB/c mice (51.4%), consisting of 7 out of 14 male and 12 out of 23 female mice, whereas the incidence in BALB/lps d mice was only 4 out of 35 (11.4%; 1/15 male and 3/20 female), thus showing significant differences (P < 0.05) between the corresponding sex in BALB/c and BALB/lps d mice, although a slight increase in AIG incidence was observed in both mouse strains compared to the period of 40-60 days after d3-Tx. Sex differences were not observed after 80-90 days after d3-Tx, suggesting that the development of AIG occurs later in female d3-Tx mice.
Relationship between different types of gastric changes and auto-antibody titers
To establish the relationship between the different types of gastric changes and production of the auto-antibody to H + /K + -ATPase at 90 days after d3-Tx, two separate experiments were carried out. The incidence of type-1, type-2 and type-3 (AIG) in BALB/c mice was 14%, 14% and 72%, respectively, whereas that in BALB/lps d mice was 67%, 22% and 11%, respectively ( Table 2 ). More than half of the d3-Tx BALB/lps d mice showed neither macroscopic symptoms nor lymphocyte infiltration into the gastric mucosa. According to our results, the AIG incidence in d3-Tx BALB/lps d mice was significantly lower than in d3-Tx BALB/c mice (P < 0.05). Auto-antibodies were not detected in the sera from sham-d3-Tx mice. Increased titers of the auto-antibody against H + /K + -ATPase appeared to correlate with AIG incidence in d3-Tx BALB/c mice. In d3-Tx BALB/lps d mice, however, the auto-antibody titer of the type-1 group (HS-and LI-double negative) was similar to that of the type-2 group (LI-positive) of d3-Tx BALB/c mice. The auto-antibody titer of the type-2 group in d3-Tx BALB/lps d mice (2 out of 9) was higher than that of not only type-2 but also the type-3 (AIG) group in d3-Tx BALB/c mice, suggesting that formation of the auto-antibody against H + /K + -ATPase does not appear to correlate with pathogenicity of AIG.
Effect of LPS treatment on the development of AIG after d3-Tx
The effect of LPS treatment on d3-Tx mice was examined 90 days after a subcutaneous injection of S. abortus Gastric mucosa of d3-Tx mice classified into three types: type 1 has no hypertrophic stomach (HS negative) and no lymphocyte infiltration (LI negative) as well as normal mucosa; type 2 is HS negative and LI positive mucosa; and type 3 (AIG) is HS positive and LI positive. Incidence of each type; numbers in parentheses represent population of each type in total population. Auto-antibody titers represent mean ± SEM of mouse numbers of each type. *P < 0.05 versus each value of d3-Tx BALB/c mice (χ 2 test). #P < 0.05 versus type 2 BALB/c mice (Student's t-test).
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equi LPS (1.5 mg/kg) on day 2 post-Tx. The results are listed in Table 3 . LPS administration induced no significant change in LPS-non-responder BALB/lps d mice. In contrast, all the d3-Tx BALB/c mice developed severe AIG following LPS injection. Histological evaluation is shown in Figure 3 . Figure 3A ,B shows normal fundic mucosa and pyloric mucosa of a sham-Tx BALB/c mouse, respectively. Severe AIG developed in d3-Tx BALB/c mice who had been administered LPS post-Tx (Fig. 3C,D) . Figure 3C shows that the severe state in AIG is represented by the loss of acidic mucus from glands and a disordered appearance. The pyloric glands in antral mucosa were also disordered by the development of AIG (Fig. 3D) . These results suggest that LPS influences the development of AIG. Numbers in parentheses represent population of positive mice in total population. S. abortus equi LPS (1.5 mg/kg) was subcutaneously administered to mice 2 days after d3-Tx. *P < 0.05 versus d3-Tx alone of BALB/c mice (χ 2 test).
Comparison of splenic lymphocytes between d3-Tx BALB/c and BALB/lps d mice
Percentages of Vβ6 + Thy1.2 + T-cells in untreated BALB/c and BALB/lps d mice were 5.5% and 4.7%, respectively, thus indicating no significant difference in Vβ6 + Thy1.2 + T-cell populations between both mouse strains. The percentage of CD3 + T-cells in spleen lymphocytes of type-1 was significantly reduced in both mouse strains after d3-Tx compared with d3-sham Tx mice (white bar; P < 0.05).
In contrast, the percentage of B220 + B cells significantly increased in both type-1 and type-3 spleens of d3-Tx BALB/c mice and type-1 of d3-Tx BALB/lps d mice (P < 0.05; Fig. 4A ). Similarly, type-3 (1 out of 9) of d3-Tx BALB/lps d mice exhibited a higher percentage of B220 + . The percentage of CD3 + T-cells was significantly reduced by d3-Tx (Fig. 4B ). Slightly higher levels of CD4 + T cells were present in type-3 (AIG) than type-1 of d3-Tx BALB/c mice, although this difference was not significant. The percentage of CD4 + T-cells in type-1 of d3-Tx BALB/lps d mice was significantly higher than that of d3-Tx BALB/c mice (P < 0.05). Similarly, the percentages of CD8 + T-cells in d3-Tx BALB/c and BALB/lps d were lower than those of in sham-Tx mice.
DISCUSSION
Several lines of evidence suggest that the T-cell response of BALB/lps d mice resembles that of BALB/c mice. The frequency of Vβ6 + Thy1.2 + cells in spleen does not differ significantly between BALB/c and BALB/lps d mice according to flow cytometry (FCM). Similarly, the proliferative response and IFN-γ production of spleen cells in response to stimulation with fixed-anti-CD3 (ε) mAb is comparable between these two strains. 39 On the other hand, BALB/lps d mice are highly tolerant to LPS effects, as evidenced by resistance to LPS lethality under sensitization with D-galactosamine, a lack of TNFα and NO production and the absence of IL-12 p40 and IL-18 mRNA expression in macrophages after stimulation with LPS, lack of proliferative response of spleen cells to LPS, and increased susceptibility to infection by Salmonella typhimurium (Kumazawa et al 39 and unpublished data). This suggests that inflammatory responses induced by LPS are lower in BALB/lps d mice than in BALB/c mice after d3-Tx. Sakagami et al showed that (i) the inflammation induced by long-term infection with Helicobacter felis was detected in the LPS-responder C3H/He mice but not in the LPS-non-responder C3H/HeJ mice; (ii) all of the infected C3H/He mice had severe atrophic gastritis in the corpus mucosa accompanied by a deletion of parietal cells; and (iii) none of the infected C3H/HeJ mice had any symptoms of gastritis. 23 Although no significant difference was observed in the serum IgG and IgA antibody levels against H. felis between the infected C3H/He and C3H/HeJ mice, infiltration of macrophages into the lamina propria was observed in infected C3H/He but not C3H/HeJ mice. 23 Thus, the activation of host cells by LPS, but not by the antibodies, seems to be implicated in the development of gastritis induced by H. felis.
The present results demonstrate that stimulation with endogenously-released and exogenously-administered LPS after d3-Tx plays an important role in the development of AIG, because the incidence of AIG in d3-Tx BALB/lps d mice was much lower than that in d3-Tx BALB/c mice. Furthermore, administration of LPS augmented the AIG incidence and severity in d3-Tx BALB/c mice but not in BALB/lps d mice. These results suggest that LPS treatment on day 2 after d3-Tx affects the regulation of the immune system and activates the development of autoreactive T cells.
Organ-restricted auto-immune diseases are mediated in part by cytokines produced by type-1 helper T cells (Th1). Barrett et al recently demonstrated that IFN-γ plays a critical role in the onset of AIG based on the observation that a single administration of anti-IFN-γ mAb given immediately after d3-Tx was sufficient to abrogate development of AIG. 42 Generally, administration of LPS induces production of IL-12 p40 and IL-18 by macrophages to activate natural killer (NK) cells. Functional development of NK cells at birth is not yet complete; however, it is sufficient to produce IFN-γ, suggesting that one of the mechanisms underlying AIG development is LPS-induced triggering of cytokine production, including IL-12 43 and IL-18, 44 followed by activation of NK cells to produce IFN-γ 45 and development of autoreactive CD4 + T-cells. LPS also stimulates the production of inflammatory cytokines such as TNFα and IL-6. In addition to increased expression of the MHC class II molecule by IFN-γ, inflammatory cytokines augment expression of adhesion molecules. This, in turn, induces a proliferative response rather than anergy in the autoreactive T cells. Thus, administration of LPS 2 days after d3-Tx may trigger the production of different cytokines and the expression of adhesion molecules on the cell surface, which, in turn, induces the proliferation of autoreactive T cells and breaks from the system of self tolerance.
Recent studies have focused on the development of autoreactive CD4 + T-cells specific to α and β subunits of H + /K + -ATPase in BALB/c mice after d3-Tx. 9, 20 We confirmed, in a preliminary experiment, that lymphocytes reactive to a synthetic peptide (α 891 ), corresponding to amino acids at position 891-905 of the porcine H + /K + -ATPase α-subunit, 9 were present in the regional lymph nodes of d3-Tx BALB/c mice carrying AIG (data not shown). In the early stage after d3-Tx, antigen-presenting cells presumably are playing a key role in the development of autoreactive CD4 + T-cells specific to the H + /K + -ATPase. LPS administration may induce the development of autoreactive CD4 + T-cells specific to H + /K + -ATPase by augmenting disturbance of self recognition, because LPS can act on phagocytes and other cells involved in innate immunity which have already developed during the early stages after birth.
Because AIG is accompanied by production of autoantibodies against both αand β-subunits of H + /K + -ATPase in gastric parietal cells, 9, 43, 46 we compared the levels of serum auto-antibodies produced in BALB/c and BALB/lps d after d3-Tx. The highest titer of the auto-antibody in d3-Tx BALB/c mice was detected in the sera of mice carrying AIG. The levels of auto-antibodies decreased in the following sequence: type-3, type-2, type-1 and sham d3-Tx in d3-Tx BALB/c mice. However, a significant correlation between production of the autoantibodies and AIG development was not observed in d3-Tx BALB/lps d mice. Many d3-Tx BALB/lps d mice showed high titers of the auto-antibodies, but their incidence of AIG was much lower than that in BALB/c mice. Therefore, these auto-antibodies do not seem to be essential to the pathogenesis of AIG in d3-Tx BALB/lps d mice.
Martinelli et al suggested that auto-antibodies specific for parietal cells are not responsible for initiating the disease process because they appear subsequent to mononuclear cell infiltration. 47 Recently, Judd et al reported that autoantibodies are unlikely to play a significant role in the ongoing disease process, again highlighting the importance of CD4 + T cells in the pathology because no relationship with antibody titer and gastric hypertrophy or apoptosis of epithelial cells was found. In addition, the results suggested that auto-antibody levels are not a reflection of the degree of gastric pathology. 48 In conclusion, LPS is an important factor influencing development of autoreactive T-cells specific for the proton pump; in LPS-non-responder BALB/lps d mice, production of auto-antibodies against the proton pump by d3-Tx does not influence development of AIG.
